exposed to a chemically complex mosquito-coil smoke containing small particles (< 1 µm), metal fumes, and vapors (Liu and Sun 1988) that may reach the alveolar region of the lung (Cheng et al. 1992) . Chronic exposures occur during the summer use period; in Taiwan use was estimated to be 6-9 months each year (Cheng et al. 1992) .
Frequently, mosquito coils contain octachlorodipropyl ether (S-2, S-421; Figure 2 ) as a synergist or active ingredient. S-2 was first prepared in 1959 by Becke and Sperber (1960) . S-2 was soon discovered to have insecticide and synergistic activity (Adolphi 1958; Hayashi 1969) . S-2 is a chloroalkyl ether used as both an insecticide and insecticide synergist in mosquito coils (Mrusek 1996; Spiller 1996) containing pyrethrin and d-allethrin as active ingredients. In 1998, an estimated 200 tons of bis-(chloromethyl)ether (BCME) were produced in China as an intermediate in the manufacture of about 700 tons of S-2 (WHO 1998a). Because the products are not registered in the United States, there is no record of sales or estimates of human exposure. Despite the fact that no pesticide can be sold legally in the United States without federal (and in many states also state) registration, unregistered products do find their way into channels of trade. Sales are likely to increase as concern about West Nile virus and other mosquito-borne disease mounts in the United States.
S-2 may be volatized from mosquito coils and may cause inhalation and contact exposures. The exposures are of uncertain significance because both clinical and epidemiologic studies of mosquito coil users are lacking. Considerable relevant experimental data have been collected. The degradation of S-2 to BCME and congeners, including bis-(chloromethylmethyl)ether (CMME), during the burning of mosquito coils is of particular health concern (WHO 1998a) because BCME may be the most potent lung carcinogen known (ATSDR 1989) . BCME can be formed from hydrogen chloride and formaldehyde during resin manufacturing (Frankel et al. 1974; Tou and Kallos 1974) . This observation was not supported by other experimental studies that used low concentrations (Tou and Kallos 1976) in settings that might be more similar to the indoor environments where mosquito coils are burned. Recently, using improvements of methods of Langelaan and Nielen (1989) for trace analysis of BCME in air, Pauluhn (2002) reported that BCME is released during combustion of mosquito coils. Quantitative data are not available at this time. Volatile constituents of S-2 include undefined genotoxic agents (Pauluhn and Mohr 2000) . If BCME is formed, the potential long-term exposure of residents, including children, to unmeasured amounts of this potent lung carcinogen (Sittig 1981) and other combustion products must be evaluated as a proactive public health measure.
We conducted a preliminary survey and chemical analysis of mosquito coils sold in Indonesia and California labeled to contain d-allethrin and S-2. Sales of unregistered mosquito coils containing S-2 are illegal in the United States. The U.S. Environmental Protection Agency (U.S. EPA) does not register Environmental Health Perspectives • VOLUME 111 | NUMBER 12 | September 2003
Children and their parents in residences are often protected by insecticides from nuisance and diseasebearing mosquitoes. The annual worldwide consumption of the four major types of residential insecticide products-aerosols, mosquito coils, liquid vaporizers, and vaporizing mats-is in the billions of units. Mosquito coils are burned indoors and outdoors in East Asia and to a limited extent in other parts of the world, including the United States. Coils consist of an insecticide/repellant, organic fillers capable of burning with smoldering, binder, and additives such as synergists, dyes, and fungicide. The number of coil users in China is in the millions. In Indonesia alone, an estimated seven billion coils are purchased annually. Coils containing pyrethroid insecticides, particularly d-allethrin, may contain octachlorodipropyl ether (S-2, S-421) as a synergist or active ingredient. Use of those coils likely exposes children and adults to some level of bis(chloromethyl)ether (BCME). BCME is formed from formaldehyde and hydrogen chloride, combustion products formed from the slow smoldering (about 8 hr/coil) of the mosquito coils. Because BCME is an extremely potent lung carcinogen, the nature and extent of prolonged exposures that recur in homes during the mosquito season in tropical regions must be evaluated with respect to health. In a small analytical study, coils purchased in Indonesia and in the United States contained highly variable amounts of S-2. Some coils that contained S-2 were not labeled, making it impossible for consumers to make an informed decision about coil contents. S-2 for any use, so products containing S-2 as an active ingredient or synergist are not permitted.
Materials and Methods
Sources of mosquito coils. Mosquito coils were purchased in various retail outlets in Jakarta and Bandung, Indonesia. Coils manufactured in China were also purchased from several Asian markets in southern California. The samples were selected to represent a variety of products and by no means constituted a statistical sampling of retail outlets in either Indonesia or California. The coils were transported to the laboratory under ambient conditions and stored at room temperature (~21°C). Laboratory inventory numbers in Table 2 identify products tested. Fifty-three packages of coils were tested. Results of range-finding analyses and 14 quantitative analyses were intended to determine whether mosquito coils sold illegally in the United States contained S-2, an ingredient inadequately evaluated for safe use.
Sample preparation and extraction. A small piece of mosquito coil was broken off and weighed in an 8 mL vial. Samples ranged from 0.5 to 0.75 g. Three milliliters of ethyl acetate and two pellets (≈0.2 g) of potassium hydroxide were added. The vial was filled with distilled water, capped, and shaken vigorously. Each sample was shaken occasionally during the next several hours and then allowed to stand overnight on the bench top at room temperature. The next day, the sample was again shaken and then centrifuged, and a portion of the ethyl acetate phase was placed into an auto sampler vial. Samples were then analyzed by gas chromatographic/mass spectrometric (GC/MS) analysis for S-2 and other pesticides.
Standard. Authentic S-2 (> 97% pure) was obtained from a manufacturer in China and as S-421 Pestanal [99.2%; Chemical Abstracts Service (CAS) no. 127-90-2] from SigmaAldrich (St. Louis, MO). The colorless liquid was virtually odorless. GC/MS analysis of the authentic S-2 revealed numerous contaminants, including lower chlorinated dipropyl ethers. An arbitrary high, medium, and low scale was established to represent the amount of S-2 present in coil extracts.
Other pesticides or insecticide synergists found in extracts were identified based upon mass spectrometry. Each was reported but not quantified.
Analysis. Extracts were analyzed on a Hewlett-Packard 5973 GC/MS unit (HewlettPackard, Palo Alto, CA) in full-scan 70 electron volt electron impact (eV EI) mode equipped with a 30 m × 0.25 mm inner-diameter Hewlett-Packard HP-5MS capillary column. The temperature program used was 50°C for 1 min, and then ramped up at 15°C per min to 300°C, where the temperature was held for 1 min before returning to the starting conditions.
The recovery of S-2 at 0.1% (wt/vol) and 1.0% (wt/vol) from spiked coil samples was measured using pieces of coil from products previously shown to be free of S-2. At the lower level, S-2 recovery was 127 ± 4% (n = 5), and at the higher level, the S-2 recovery was 113 ± 2% (n = 5). Results were not corrected for recoveries.
Results
The mosquito coils purchased in Indonesia and California had the same general appearance and texture. Each sample was easily dispersed and extracted from an alkaline suspension with ethyl acetate. The S-2 standard was used to estimate micrograms and percentage of S-2 (Table  2) , based on analysis of three samples of each coil. The selected data are not suitable for exposure assessment because of small sample size and uncertainty due to possible matrix effects on analysis that were not investigated.
Coil packages tested contained up to five double coils and listed either allethrin only or allethrin and S-2 at 1.5% (wt/wt) (Tables 3  and 4 ). Three samples obtained from Jakarta, each labeled 1.5% S-2, contained a remarkable range of S-2: < 0.001%, 0.03%, and 0.3% S-2, respectively. Three packages of coils labeled 1.5% S-2 that were purchased in Bandung had more similar levels of S-2 (mean = 0.7%).
The mosquito coils purchased in southern California contained allethrin (confirmed by analysis), but their packaging did not list S-2. The S-2 content of coils from three packages was 0.2-0.3%. Of samples from Jakarta that did not list S-2 as an ingredient, the coils contained from 0.007 to 0.2% (n = 5). Other coils (n = 7) did not contain detectable S-2, and one contained MGK-264 (CAS no. 113484; McLaugthlin Gormley and King Co., Bloomington, MN).
Discussion
Household insects that are nuisances and contribute to sanitary and health problems are ubiquitous throughout the world. The demand for insect control is on the increase, particularly in many tropical developing countries. The yearly worldwide residential insecticide market is estimated to be more than US$2 billion (WHO 1998a). Mosquito coils are prominent among pest management tools in Asia, as shown in Table 1 (WHO 1998a) .
Shortly after its synthesis, S-2 was shown to be a synergist for pyrethroids and other insecticides. Later studies have demonstrated the inherent insecticide activity of S-2 (Mrusek 1996; Spiller 1996) . International authorities have emphasized that S-2 possesses both mosquito knockdown and killing activity and that it should be classed as an insecticide (WHO 1998b) . Because the registration requirements for active ingredients and synergists differ outside the United States, controversy concerning S-2 may distract attention from the need to more fully characterize the toxicology of S-2, synthetic by-products, and combustion products in mosquito coils.
Only d-allethrin products were used for this study. d-Allethrin products that listed S-2 and others that did not list S-2 on the label contained S-2 in highly variable amounts (0.001-0.7% wt/wt). This may reflect the fact that an estimated 30% of pesticides marketed in developing countries do not meet internationally accepted quality standards (WHO 2003) . The chemical composition of mosquito coils included other unknown and unquantified chlorinated dialkyl ethers. S-2 from different sources has notable genotoxicity and irritancy (Pauluhn 1996) Figure 1 . A mosquito coil containing allethrin and S-2 burning to kill or repel mosquitoes in family living quarters. The coil is secured to a small metal stand, and it will burn about 8 hr. The plate retains segments of ash as the coil burns. (California EPA 1994) . Without knowledge of human exposure potential and the hazards of S-2, product impurities, and combustion products, including BCME and CMME, the potential health impacts of continued use of the coils cannot be gauged.
Figure 2. Structural formula of S-2 (S-421
Environmental persistence of S-2. S-2 use may result in environmental contamination. S-2 is a persistent, lipophilic chlorinated hydrocarbon that has been found in environmental and human samples in part-per-billion levels resulting from manufacturing or use. Residues of chlorinated bis-(propyl)ethers (BPEs) have been found as persistent environmental pollutants in Germany's Elbe River and its tributaries (Franke et al. 1995) . Di-, tri-, and tetrachlorinated BPEs were detected by GC/MS analysis of water and sediments. The Cl 2 -and Cl 3 -BPEs were not noticeably affected by sewage treatment. Water and sediment may represent pathways of exposure to chlorinated impurities and transformation products associated with the manufacture and use of mosquito coils containing S-2.
S-2 is a bioavailable environmental contaminant. Because of the detection of S-2 during organochlorine analysis of human milk in Japan (Miyazaki et al. 1981) , an analytical method was developed (Miyazaki 1982) . Milk samples obtained in Tokyo on a milk fat basis contained 32 ± 27 ppb (9 positive of 12) and 14 ± 8 ppb (6 of 10). Knowledge of the use of S-2 as a pyrethroid synergist against mosquitoes, houseflies, and cockroaches in Tokyo prompted analysis of aerosol sprays, mosquito coils, and mosquito mats. Sprays (3 of 8) and coils (2 of 5) contained S-2, but none was detected in the mats. Miyazaki (1982) concluded that sprays and coils were the likely source of the S-2 residues in milk.
These findings demonstrate the potential bioavailability of S-2 used in mosquito coils.
The routes of exposure may include inhalation and contact transfer (dermal and hand to mouth) from surfaces in enclosed residential environments. Fishbein et al. (1968) performed a chromatographic study of the fate of intravenous S-2 in rats (150 mg/kg). Urine and bile were collected during an 8-hr period, and portions were applied directly to silica gel DF-5. Based upon the chromatographic behavior of metabolites, the authors speculated that dehydrohalogenation, ether cleavage, and hydrolysis were important metabolic transformations. Further characterization of S-2 metabolites has not been reported. BCME. The possible formation of BCME and other toxic combustion products from mosquito coil use has not been adequately evaluated. Hydrogen chloride and formaldehyde are formed from combustion of S-2, but quantitative data corresponding to conditions of use are lacking. Under laboratory test conditions, hydrogen chloride and formaldehyde react in smoky air to form BCME (CAS no. 542-88-1) and other unknown toxic substances (Frankel et al. 1974; Tou and Kallos 1974) . This β-chloroalkyl ether is colorless and volatile (30 mm Hg at 22°C) and has a characteristic "suffocating" odor (Sittig 1981) .
Natural sources of BCME have not been identified, and it is an unlikely environmental contaminant. In air, the BCME is degraded by photo-oxidation and hydrolysis with a half-life of < 2.9 days (Cuppit 1980) . Tou and Kallos (1974) reported that the half-life of BCME was < 1 day in humid air. In air, decomposition products of BCME include formaldehyde, hydrogen chloride, and chloromethylformate (Cuppit 1980) . BCME is extremely rapidly hydrolyzed in water (t 1/2 = 38 sec at 20°C) to formaldehyde and hydrogen chloride. Because of the highly reactive nature of BCME in air and water, it will not persist in the outdoor environment because of the use of S-2 in mosquito coils.
Indoor BCME exposure potential. Similar data concerning the stability of BCME indoors are not available. Even BCME half-lives measured in periods as long as days would not prevent repeated short-term (8-hr) exposures during times of the year when mosquito coils are burned indoors. Those environments are frequently sheltered from direct sunlight, thus reducing the extent of photolysis. BCME is likely to be more stable indoors than outdoors, and the pattern of use of mosquito coils may result in more prolonged human exposure to BCME and other combustion products. No quantitative data are available for the exposure of populations that use mosquito coils containing S-2.
Under workplace conditions, BCME forms upon reaction of formaldehyde and hydrogen chloride. The reaction may occur in air (Van Duuren et al. 1969) . Measurable workplace concentrations of BCME have been found in atmospheric reaction mixtures containing formaldehyde and hydrogen chloride (Frankel et al. 1974; Kallos and Solomon 1973) . Although BCME is an "intense, immediate irritant" (Nelson 1976) , it provides insufficient warning to prevent human cancer from BCME exposure in the workplace (and even less warning from small amounts likely produced in residential settings).
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Environmental Health Perspectives • VOLUME 111 | NUMBER 12 | September 2003 Quantitative data are not available to estimate the sensitivity of children and adults to the hazards. Air levels of BCME and knowledge of surface deposition of S-2 and other coil combustion product releases are important for evaluating exposure and for developing effective risk management strategies. False negatives due to matrix and analytical conditions may complicate verification of BCME in coil smoke (Langelaan and Nielen 1989) .
Cancer. The status of BCME as a potent human lung carcinogen is established. Any solid or liquid containing more than 0.1% BCME by weight or volume is regulated by the U.S. Occupational Safety and Health Administration. Studies in rats and mice have shown that 0.1 ppm or 1 ppm of BCME in air, respectively, induced lung cancer. Oat cell carcinoma, a rare form of lung cancer (primarily small cell undifferentiated), occurred in 12 of 13 persons occupationally exposed to BCME and CMME. With one exception, the affected workers had been exposed only 3-14 years, and their average age was 45 years, well below the average age for lung cancer of 60 years. The potency of BCME was also evident in a small factory in China. There, 5 of 15 workers exposed to BCME during S-2 manufacture were diagnosed with lung cancer. Four of the workers were younger than 40 years (Xue et al. 1988) . BCME is among those potent human carcinogens (U.S. DHHS 2002).
Other agencies offer similar classifications of BCME as a carcinogen. The Office of Environmental Health Hazard Assessment of the California EPA designated BCME a priority carcinogen (California EPA 1994) . This classification is consistent with the group A (known human carcinogen) designation by the U.S. EPA (2003) and the group 1 (human carcinogen) categorization by the International Agency for Research on Cancer (IARC 1987) .
Recommendations. In 1998, a WHO Pesticides Evaluation Scheme document, Guideline Specifications for Household Insecticide Products (WHO 1998a), reported informal consultations. Included among the recommendations were the needs to identify household insecticide products in use, to establish product specifications, and to encourage regulatory harmonization. A second document (WHO 1998b) sought further research to measure "the degree of exposure of the general public to BCME and CMME through the use of mosquito coils containing the S-2 synergist octachlorodipropyl ether." Additionally, the degree of contamination of S-2 with BCME and CMME should also be determined. To date, these actions have not occurred, and extensive use of S-2 continues.
With respect to the use of mosquito coils in the United States, these toxicologic issues concerning β-chloroalkyl ethers overlie the illegal sales of products containing an unregistered product, S-2. All users are entitled to the benefit of toxicity testing and continuing product stewardship related to the manufacture and use of S-2 and to knowledge of the potential risk from likely combustion products that include BCME, a human lung carcinogen.
Household insecticide products are used under a variety of conditions by persons who rely upon their experience or label instructions to guide safe use. Children, the elderly, and the infirm may be continually exposed to these slow-release systems. The potential for a health impact is elevated by the recurring exposures of children and adults during the mosquito season each year. The WHO (1998b) emphasized that household insecticide should contain only well-defined active ingredients. The occurrence of uncharacterized combustion products and active ingredients in coil smoke creates potential for acute and chronic toxicity.
Existing knowledge is not adequate to support safe residential use of mosquito coils containing S-2, and it is unfortunate that the environmental data and experimental studies have not been more prominent in S-2 risk management. No quantitative data are available for the exposure of populations that use mosquito coils that contain S-2, but the number of exposed persons is extremely large given the extent of use of mosquito coils (WHO 1998a) . Unreacted BCME in coils and the extent of BCME as a combustion product must be determined under conditions of coil use as part of well-formed epidemiologic studies. In many situations, it seems likely that the reality of mosquito-borne diseases (Mulla et al. 2001) may dominate determination of hypothetical risk:benefit ratios for mosquito insecticides delivered using devices such as coils. However, if BCME were an important environmental contaminant resulting from burning mosquito coils containing S-2, it would be impossible to maintain use given the well-established carcinogenicity of BCME in humans.
